Sanguinarine, a plant alkaloid, was identified as a potent and specific protein phosphatase (PP) 2C inhibitor. It inhibited PP2C competitively with respect to -casein (Ki ¼ 0:68 M) and showed selectivity for PP2C as compared with PP1, PP2A, and PP2B in vitro. In vivo, sanguinarine showed cytotoxicity toward human promyelocytic leukemia cell line HL60, with an IC 50 value of 0.37 M, and induced apoptosis through a caspase-3/7-dependent mechanism involving the phosphorylation of p38, a PP2C substrate. The apoptosis activity induced by sanguinarine was partially inhibited by a p38 inhibitor, SB203580, and was involved in the phospho-p38 protein in HL60 cells.
The reversible phosphorylation of proteins is a major mechanism of cellular functions and regulates almost all aspects of cell life. The relative activities of protein kinases and protein phosphatases control the level of protein phosphorylation. Further development of protein serine/threonine or tyrosine phosphatase inhibitors and activators is therefore important for both basic research and chemotherapy. 1) Serine/threonine-specific phosphatases can be divided into two major families based on primary structure and biochemical traits. Phospho protein phosphatase (PPP) members include type 1 (PP1), 2A (PP2A), and 2B (PP2B/calcineurin), and protein phosphatase magnesium-dependent (PPM) members include protein phosphatase 2C (PP2C). The activity of PP2C is dependent upon Mg 2þ or Mn 2þ and appears to be monomeric, and no regulatory proteins or mechanisms have been identified. 2, 3) PP2C dephosphorylates a number of intracellular substrates, e.g., cyclin-dependent kinase, mitogen-activated kinase (MAPK) and Bad. 3) Potent and specific inhibitors of PPP are typically used to investigate the roles of phosphatases in cellular behavior and survival. For example, okadaic acid and tautomycin inhibit PP1 and PP2A, while FK506 and cyclosporine A inhibit PP2B. FK506 and cyclosporine A are particularly important clinical medicines, used as immunosuppressants and in salves for atopic dermatitis. 4) On the other hand, the intracellular functions of PP2C have been analyzed mainly by biochemical, molecular biological, and cell biological methods due to the lack of potent and specific PP2C inhibitors. The development of the PP2C inhibitor is therefore important to clarify the biological role of PP2C. Several compounds have been reported to be PP2C (PPM1A) inhibitors based on virtual screening and modification of phosphate esters. 5, 6) Cyclic phosphopeptide inhibits PP2C (Wip1 or PPM1D), and Evans Blue and its derivatives inhibit Ca 2þ /calmodulin-dependent protein kinase phosphatase (CaMKP) and its nuclear isoform CaMKP-N, which are PP2C members, 7, 8) but little is known about more potent and specific inhibitors of PP2C, especially natural products.
In an attempt to find useful PP2C inhibitors, we screened SCADS inhibitor kits I, II, and III consisting of 285 compounds, and identified sanguinarine (13-methyl [1, 3] benzodioxolo [5,6- c]-1,3-dioxolo[4,5-i]phenanthridinium), a plant alkaloid, as a potent PP2C inhibitor. To examine PP2C inhibition activity in vivo, we investigated the effects of sanguinarine on the regulation of apoptosis and the phosphorylation of p38 using HL60 cells, and found that activation of p38 is associated with sanguinarine-induced apoptosis. Our data provide the first evidence that sanguinarine shows potent, specific PP2C inhibition activity and induces apoptosis in HL60 cells via a caspase cascade involving the activation of p38, a PP2C substrate.
Materials and Methods
Compounds. Sanguinarine chloride, chelerythrine chloride, and berberine chloride (Funakoshi Co., Ltd., Tokyo, Japan) were dissolved as 10 mM stock solutions in DMSO and stored at À20 C. SCADS inhibitor kits I, II, and III, consisting of 285 compounds, were kindly provided by the Screening Committee of Anticancer Drugs (Japan).
Protein phosphatase assays. The phosphatase activity of PP1 was assayed by ProFluor Ò Ser/Thr PP Assay (Promega Corp., Madison, WI, USA) using commercial PP1 as enzyme (Millipore Corp., Billerica, MA, USA). PP2B activity was measured using a commercial kit with a slight modification.
9) The phosphatase activities of PP2A and PP2C were assayed using -casein as substrates by the malachite green detection method. 10) Recombinant human PP2A dimer was cordially provided by the Tropical Technology Center, Ltd. (Okinawa, Japan). 11) Expression and purification of mouse GST-PP2C was achieved using y To whom correspondence should be addressed. Fax: +81-19-621-6124; E-mail: kimurak@iwate-u.ac.jp Abbreviations: PP, protein phosphatase; MAPK, mitogen-activated protein kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide the protocol described by Kusuda et al. 10, 12) BIOMOL GREENÔ (AK-111, Biomol Research Laboratories, Inc., Plymouth Meeting, PA, USA) was used for the PP2C reaction. Assays were performed using a 96-well plate. Each well contained 2 ml of sample dissolved in DMSO and 48 ml of assay mixture (100 mM Tris-HCl (pH 7.5), 20 mM MgCl 2 , 0.4 mg/ml -casein, and 20 U/ml recombinant PP2A for the PP2A reaction, and 100 mM Tris-HCl pH 7.5, 20 mM MgCl 2 , 0.35 mg/ml of -casein, and 16 mg/ml of recombinant PP2C for the PP2C reaction). Reactions were carried out for 1 h at 37 C and were terminated by the addition of the malachite green dye solution with 0.01% v/v Tween 20. After this was left to stand for 10 min at room temperature, the absorbance at 650 nm was recorded with a microplate reader (Model 450 microplate reader, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cell culture and cytotoxicity. HL60 cells (RCB0041, RIKEN BioResource Center, Tsukuba, Japan) were grown in RPMI 1640 medium supplemented with 10% heat-inactivated FBS and penicillin (50 units/ml)-streptomycin (50 mg/ml) (Gibco Corp., Carlsbad, CA, USA) in a humidified atmosphere at 37 C under 5% CO 2 . The cytotoxicity of sanguinarine was examined by MTT assay, as described elsewhere. 13) Microscopic observation. HL60 cells were seeded in a 24-well plate at a density of 5 Â 10 5 cells/ml. HL60 cells were treated with 10 mg/ml of Hoechst 33258 (Dojindo Laboratories, Kumamoto, Japan) for 10 min at 37 C. Nuclear morphology was observed under a fluorescent microscope (excitation/emission wavelength ¼ 365/420 nm, BX51, Olympus Corp., Tokyo, Japan).
14)
Gel electrophoresis. HL60 cells were seeded in a 24-well plate at a density of 5 Â 10 5 cells/ml. The cells were harvested and washed with PBS. Cell pellets were resuspended in lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5% SDS, and 0.1% RNase A), and incubated for 60 min at 50 C. The lysates were then incubated for an additional 60 min at 50 C with 1 mg/ml of proteinase K (Wako Pure Chemical Industries Ltd., Osaka, Japan), and phenol:chloroform:isoamyl alcohol (25:24:1)-extracted DNA samples were then electrophoresed on a 2% agarose gel (Dojindo Laboratories) in TBE buffer for 2 h at 50 V. After electrophoresis, the gel was stained with 10 mg/ml of ethidium bromide and photographed.
Caspase-3/7 activity. HL60 cells were seeded in a 96-well plate at a density of 2 Â 10 5 cells/ml. The cells were treated with sanguinarine and the activity of caspase-3/7 was detected using the Caspase-Glo Ò 3/7 assay kit (Promega Corp.) according to the manufacturer's procedures. Caspase activities were determined using a Powerscan HT spectrophotometer (Dainippon Sumitomo Pharma Co., Ltd., Osaka, Japan).
Western blotting. HL60 cells were seeded in 8-cm dishes at a density of 5 Â 10 5 cells/ml. Sanguinarine-treated cells were harvested, washed with ice-cold PBS, and lysed by incubation at 4 C for 30 min in lysis buffer (10 mM Tris-HCl pH 7.5, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, and 1 mM EDTA) containing protease inhibitor cocktail Complete Mini (Roche Diagnostics GmbH, Mannheim, Germany) and phosphatase inhibitor cocktail (1 mM NaF, 1.15 mM sodium molybdate, 1 mM sodium orthovanadate, 4 mM sodium tartrate, 2 mM sodium pyrophosphate, and 1 mM -glycerophosphate). After centrifugation (15;000 Â g for 30 min at 4 C), protein concentrations of the supernatant were measured using a BCA kit (Pierce Biotechnology, Inc., Rockford, IL, USA), and samples containing 20 mg total protein were loaded on 12% SDS-polyacrylamide gels. After electrophoresis, the proteins were transferred to a PVDF membrane (Millipore Corp.), and blocking was performed in Trisbuffered saline (TBS) containing 1% polyvinylpyrolidone and 0.1% Tween 20. The blots were then incubated with anti-mouse p38 (1:5,000) or phospho-specific anti-mouse p38 (pT180/pY182, 1:2,000) (Becton Dickinson Biosciences, Franklin Lakes, NJ, USA) overnight at 4 C. After washing of membranes with 0.1% Tween 20 in TBS, each blot was incubated with horseradish peroxidase-conjugated anti-mouse IgG (1:10,000) (Upstate, Temecula, CA, USA) for 1 h at room temperature. Peroxidase activity was detected by the ECLÔ system (GE Healthcare UK Ltd., Buckinghamshire, England).
Results
Screening for PP2C inhibitors A plant benzo(c)phenanthridine alkaloid, sanguinarine, from a library of 285 compounds (SCADS inhibitor kits I, II, and III) showed 69% inhibition activity at 4 mM. It specifically inhibited PP2C, showing 17-fold higher selectivity for PP2C than for PP1, PP2A, or PP2B ( Fig. 1 and Table 1 ). Chelerythrine and berberine are structurally related to sanguinarine, and chelerythrine (benzo(c)phenanthridine alkaloid) also inhibited PP2C, with a half-maximal inhibitory concentration (IC 50 ) value of 11.02 mM, but berberine (protpberberine alkaloid) showed no PP2C inhibition activity, even at 200 mM (Fig. 1) .
PP2C inhibition mechanism of sanguinarine Lineweaver-Burk plots suggested that sanguinarine is competitive with respect to -casein substrates (Fig. 2) . The apparent Ki value for sanguinarine was estimated by Dixon plot to be 0.68 mM.
Sanguinarine induced apoptosis in HL60 cells
Sanguinarine showed cytotoxicity toward HL60 cells, with an IC 50 value of 0.37 mM, and adriamycin showed this at 0.01 mM. Fluorescence microscope observation allowed the visualization of apoptotic cells with condensed and fragmented nuclei in HL60 cells. They were observed in HL60 cells treated for 6 h with 1 mM sanguinarine (Fig. 3) . Furthermore, DNA ladders on agarose gel were observed both time-and dose-dependently in the HL60 cells after treatment with sanguinarine. DNA ladders were observed in the cells after 3 h of treatment at 1 mM sanguinarine (Fig. 4A ), and after 6 h DNA ladders were strongly observed at 1 mM sanguinarine (Fig. 4B) . The induction of chromatin condensation and DNA fragmentation indicate that sanguinarine induces apoptosis in HL60 cells.
Sanguinarine induced apoptosis through caspase-3 activation based on phosphorylation and activation of p38 MAPK
In HL60 cells, caspase-3/7 activity was measured by chemiluminescent assay. Sanguinarine activated caspase-3/7 in a time-and dose-dependent manner, and caspase-3/7 activity was observed after 2 h of treatment with 1 mM sanguinarine (Fig. 5A ), and after 6 h caspase-3/7 activity was gradually activated by sanguinarine in a concentration range of 0.5 to 2 mM (Fig. 5B) .
Apoptotic stimuli are transmitted to caspases through activation of MAPKs such as p38, which was identified as substrates of PP2C. 15, 16) Hence, we examined to Time (h) Caspase 3/7 activity (fold) Sanguinarine (µM) Caspase 3/7 activity (fold) Fig. 5 . Sanguinarine Activated Caspase-3/7 in HL60 Cells.
DMSO Sanguinarine
HL60 cells (2 Â 10 5 cells/ml) were treated with 1 mM sanguinarine for the indicated durations (A) or with the indicated concentrations of sanguinarine for 6 h (B). Thereafter, cell lysates were assayed for caspase-3/7 activity using a chemiluminescent assay kit. determine whether MAPK activation is involved in sanguinarine-induced apoptosis. We measured the protein levels of phospho-p38 as compared with levels of total p38 in the HL60 cells. The levels of phospho-p38 rose significantly in a time-and dose-dependent manner from 2 to 3 h at 1 mM sanguinarine (Fig. 6A) , and after 2 h p38 was phosphorylated in the presence of 0.25 to 1 mM sanguinarine in the HL60 cells (Fig. 6B) .
To confirm that p38 activation is involved in apoptosis, the prevention of apoptosis by a specific inhibitor of p38 was examined. Preincubation of cells with 20 mM SB203580 for 1 h partially blocked condensed and fragmented nuclei, and DNA ladder formation in the HL60 cells (Fig. 7A and B) , but SB203580 did not inhibit the apoptosis activity induced by chelerythrine, which has less PP2C inhibition activity than sanguinarine, after 3 h, though it has almost the same apoptosis induction activity as sanguinarine (data not shown).
Discussion
Sanguinarine is a quaternary benzo(c)phenanthridine alkaloid derived from Sanguinaria canadensis L. and other poppy fumaria species, and its extracts have long been used in herbal medicine. 17) Although various biological activities of sanguinarine, including mitogen-activated protein kinase phosphatase-1 (MKP-1, dual phosphatase) inhibition activity have been reported, no effects of it on protein serine/threonine phosphatases have been reported. 18) Sanguinarine shows PP2C inhibition activity at a Ki value of 0.68 mM, while phosphonothioic acid is a reported PP2C inhibitor, with a Ki value of 15 mM. Therefore, the PP2C inhibition activity of sanguinarine is markedly stronger than that of the known PP2C inhibitor, phosphonothioic acid.
6) The PP2C inhibition activity of sanguinarine was 4-fold higher than that of chelerythrine, and berberine did not inhibit PP2C, even at 200 mM. Perhaps the benzo(c)phenanthridine core structure is required for PP2C inhibition activity. Although more detailed studies of the structure-activity relationship of these PP2C inhibitors are necessary, the iminium and methylenedioxy groups can affect the affinity of these compounds for PP2C, and the inhibition activity of sanguinarine might be improved by modification of these or nearby groups.
PP2C has multiple intracellular targets, including Bad and p53, that regulate apoptosis and are affected by PP2C. 19, 20) For example, the PP2C activator oleic acid dephosphorylates Bad and induces apoptosis. 19) Hence it is thought that a PP2C inhibitor can suppress apoptosis or show no effects on cell growth and death, but sanguinarine showed potent, specific PP2C inhibition activity and induced apoptotic cell death in HL60 cells. Although p38 is a signal transduction mediator that plays central roles in the stress response and apoptosis, 15 ) the suppression of MKP-1 expression by antisense did not affect the basal levels of the phosphor-p38 protein in PANC-1 cells. 21) Sanguinarine induced apoptosis in HL60 cells and phosphorylated p38-triggered caspase-3/7 activation, and apoptotic cell death was partially suppressed by SB203580, a p38 inhibitor (Fig. 7) . Hence the p38 pathway appears to be an apoptotic pathway mediated by sanguinarine, and it can be expected that PP2C inhibitors induce apoptosis in HL60 cells as a result of p38 phosphorylation.
The apoptosis mechanism of sanguinarine lay in the activation of prodeath Bcl-2 family proteins and the mitochondrial apoptosis pathway in immortalized human HaCat keratinocyte. 22) It was also reported that sanguinarine-induced apoptosis is mediated by up-regulation of DR5 expression via generation of reactive oxygen species in primary effusion lymphoma cells. 23) The apoptosis mechanism differs with the kind of cancer cells, and there is no description of PP2C inhibition activity and no explanation of the increase in phosphop38 protein in HL60 cells. 24, 25) Although sanguinarine is involved in multiple mechanisms in the induction of apoptosis, we propose a novel biological activity of sanguinarine in the apoptosis mechanism, through its PP2C inhibition activity following the activation of p38 signal transduction.
